The direct deposition of graphene on dielectric substrates by industrially practical methods of chemical or physical vapor deposition (CVD, PVD) is critically important for the integration of graphene devices with Si CMOS [1, 2] . Further, the application of graphene in logic devices would be greatly enhanced by the controlled formation (in zero applied field) of a band gap sufficiently large to inhibit 'off state' conductivity. The 0.26 eV band gap reported [3] for single layer graphene/SiC(0001) may be too small for FET applications [4, 5] .
The growth of graphene on MgO(111) by free radical assisted CVD (FRA-CVD) using a flux of thermally dissociated ethylene has been reported [2] .
Importantly, this film exhibited a band gap at room temperature of ∼0.5-1 eV, as determined by photoemission and inverse photoemission spectroscopies [2] . This band gap was also consistent with the observed [2] charging of the graphene layer under electron bombardment. The precise value of this band gap is uncertain due to final state effects in photoemission and inverse photoemission and the limited resolution (400 meV) of the inverse photoemission measurements [2] . Nevertheless, a band gap in the range of 0.5-1 eV is inferred and the band gap may in fact be sufficiently large that it may be close in magnitude to that of Si and therefore of interest for FET applications. The physical interactions which give rise to this band gap are of fundamental scientific interest, as well as of technological significance, and are the emphasis of this study.
We report here x-ray photoelectron spectroscopy (XPS) and low energy electron diffraction (LEED) data showing that graphene films formed on MgO(111) by various methods Figure 1 . Intensity analysis of the previously reported [2] LEED pattern (75 eV beam energy) of graphene film, formed by free radical assisted CVD on MgO(111), which displays a band gap of 0.5-1.0 eV. The XPS-determined average carbon layer thickness is 2.5 ML. The average background-subtracted intensity (arbitrary units) of the A sites is 9.9(±3), and that of the B sites is 7.5(±0.9). Uncertainties in the average intensities correspond to the standard deviations.
display LEED patterns of C 3v symmetry, with alternating strong and weak intensities exhibited by the diffraction spots in an apparently six-fold LEED pattern. This pattern is observed (figure 1) for the previously reported [2] LEED data of a 2.5 ML graphene film on MgO(111), produced by free radical assisted CVD, and which displays a band gap. Similarly, a hexagonally ordered carbon monolayer, C(111), on MgO(111) exhibits C 3v symmetry, with alternating strong and weak LEED intensities (figure 2) in the angular, not radial, coordinate. This C 3v LEED symmetry is also observed (figure 3) for a graphene layer grown by PVD on an interfacial carbon layer. The LEED data (figures 1-3) thus indicate that graphene films of varying thicknesses grown on MgO(111) by either free radical assisted CVD or PVD display significantly different average A site/B site diffraction intensities, as summarized in table 1. The different diffraction intensities therefore indicate different electron densities at the A sites/B sites in the graphene lattice. Such A site/B site chemical inequivalence suggests a reason for the observed [2] band gap for the 2.5 ML graphene/MgO(111) film. Specifically, the data suggest that A site/B site chemical inequivalence lifts the HOMO/LUMO degeneracy for the single layer graphene lattice at the Dirac point, thus opening a band gap [3, 6] . This is also the suggested cause for the observed 0.26 eV band gap in graphene/SiC(0001) [3] .
The XPS and LEED data were acquired in a UHV system described previously [7, 8] . The XPS were performed with incident Mg Kα x-rays, and the photoelectron kinetic energies were measured with a hemispherical analyzer, with the analyzer axis normal to the surface [9, 10] . Due to sample charging during XPS, the reported binding energies were measured relative to an assumed O(1s) binding energy of 530.0 eV [11] . The reverse-view LEED images were recorded with a digital camera, and background-subtracted intensities were determined by the use of commercial image processing software (IGOR from Wavemetrics, Inc., and Image SXM). The previously reported [2] LEED pattern for a 2.5 ML graphene film grown on MgO(111) is shown in figure 1 with background-subtracted LEED intensities. The average A site and B site LEED intensities, in arbitrary units, are 9.9(±3) and 7.5(±0.9). The uncertainties in each figure are the corresponding standard deviations. A similar intensity disparity is observed upon the evolution of an ordered C(111) layer on MgO(111), as shown in figure 2 . A multilayer adventitious carbon film is observed upon insertion of the MgO(111) single crystal into UHV ( figure 2(a) ), and extensive annealing in O 2 at 700 K, 5 × 10 −7 Torr removes all but ∼1 ML as determined by XPS ( figure 2(b) ). The corresponding three-fold LEED pattern ( figure 2(c) ) is representative of an OH-terminated MgO(111) (1 × 1) surface [11] and indicates a disordered carbon overlayer that does not contribute to the LEED scattering. Subsequent annealing to 1000 K in the presence of 5×10 −6 Torr of C 2 H 4 yields a C(1s) spectrum with unchanged average thickness, but with a feature near 288 eV binding energy ( figure 2(d) )-indicative of carbon in a higher oxidation state. The corresponding LEED pattern (figure 2(e)) displays apparent six-fold symmetry. Intensity analysis of this LEED pattern, however ( figure 2(f) ), indicates that this pattern actually consists of two C 3v patterns. The A sites have an average, background-subtracted, intensity (arbitrary units) of 18.7 ± 3, compared to a corresponding value of 12.9 ± 1 for the B sites. These data indicate an experimentally significant difference in intensities on A and B sites, and thus indicate that the corresponding lattice sites in the real space graphene layer have different electron densities.
A similar pattern is observed for a partial graphene layer grown by exposing an ordered interfacial layer on MgO (similar to figure 2(c)) to PVD from a graphite sputter magnetron target in an Ar plasma at ambient sample temperature. Subsequent annealing in UHV yielded the XPS and LEED data shown in figures 3(a) and (b), respectively. The A site average intensity ( figure 3(b) ) is 4.7±0.4 and the average B site intensity is 1.5 ± 0.2. The average carbon thickness, determined from XPS, is 1.5 ML.
As summarized in table 1, the disparity between average A and B site diffraction intensities decreases as the carbon layer average thickness increases for graphene films grown on MgO(111). This disparity in intensities of adjacent LEED spots is also specific to graphene/MgO(111). Analyses of other LEED data for graphene films with 0 eV band gap, including graphene/Ru(0001) [2] and graphene/BN(0001)/Ru(0001) [1, 2] , indicate no such disparities in average A site/B site diffraction intensities. The decrease in relative average A site/B site LEED intensity difference with increasing graphene thickness on MgO (table 1) is consistent with the primary cause for such differences being interactions between the MgO(111) surface and the first graphene overlayer so that with increasing graphene thickness, the overlayer becomes increasingly screened from these interfacial interactions. While a definite band gap has, to date, only been definitely observed [2] for the 2.5 ML graphene film on MgO(111) (table 1), the trends in LEED intensities summarized in table 1 suggest that band gaps also exist for the 1 and 1.5 ML graphene/MgO(111) films, and that the magnitude of the band gap decreases as increasing numbers of graphene layers progressively screen the MgO-C interactions at the interface, as demonstrated for single and few layer graphene films on SiC(0001) [3] .
The ability to form graphene by PVD also suggests the potential for forming single or limited multilayer graphene on MgO. The recurring problem with CVD of two-dimensional systems is that the formation of a complete layer often renders the surface relatively inert towards subsequent deposition, as observed for CVD of hexagonal BN by thermal decomposition of borazine, or graphene formation by benzene decomposition on Ru(0001) [12] . PVD methods therefore offer an alternative route-although, of course, not self-limiting-towards the practical fabrication of single/few layer graphene on MgO substrates. It may also be that other (111) surfaces of oxides with the NaCl structure may similarly induce band gaps in graphene.
In summary, graphene layers can be formed by FRA-CVD or PVD on MgO(111). Substrate interactions result in different electron charge densities on graphene A and B sites (figures 1-3), as evidenced by different A site/B site LEED intensities. The disparity between average A and B site LEED intensities decreases with increasing carbon overlayer thickness (table 1) . The observed A site/B site disparities in LEED intensities are specific to graphene films grown on MgO(111) and are not observed upon analysis of the LEED data for graphene films with 0 eV band gaps formed on Ru(0001) [2] or on BN(0001)/Ru(0001) [1, 2] . The data therefore strongly suggest that the previously observed [2] ∼0.5-1 eV bandgap for graphene/MgO(111) is due to graphene/substrate interfacial interactions, which remove the HOMO/LUMO degeneracy at the Dirac point, leading to formation of a band gap. Further, the data in table 1 suggest that such interfacial interactions are screened by successively deposited graphene layers, thus leading to the prediction of a decreasing band gap with increasing numbers of graphene overlayers grown on MgO(111).
A band gap of 0.5-1 eV may be suitable for FET applications [4, 5] . Although the effects of a band gap on graphene charge mobilities remain to be determined, the intimate contact of physically transferred graphene sheets with high dielectric constant liquid [13] or solid [14] substrates has been shown to yield electron mobilities >10 4 cm 2 V −1 s −1 . Further, the ability to form few layer graphene by PVD, coupled with the apparent decrease in A site/B site intensity difference with increasing carbon layer thickness (table 1) suggests that both band gaps and mobilities may be tunable through the deposition of varying numbers of graphene layers on MgO. The graphene/MgO/Si system therefore has significant potential for practical FET device applications.
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